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Polymer polytetrafluoroethylene (PTFE)–microwave exfoliated graphene oxide (MEGO) composites containing up to 80 
wt.% PTFE were prepared by low-temperature post-irradiation polymerization of C2F4 in the presence of the graphene-like ma-
terial. Composites were characterized by elemental analysis, XPS, NMR, and DSC techniques. The melting point of PTFE in the 
composite (332.5 
o
C) was higher than that of pure PTFE by 8.8 
o
C. The measured values of the melting enthalpy (ΔHm=51.5 and 
45.4 J/g) were used to calculate the extent of crystallinity in the PTFE and PTFE–MEGO composite (0.63 and 0.55, respective-
ly). No - CF3 end groups typical of commercial PTFE have been detected in the PTFE–MEGO composites. 
 
Introduction 
As is known, application of polytetrafluoroethy-
lene (PTFE) is often restricted by its low yield 
strength and high deformability under load. These 
drawbacks are normally eliminated by addition of 
strengthening agents. As one of candidate com-
pounds for the role of strengthening agent we found 
it interesting to test graphene, in view of its unique 
elastic properties and intrinsic strength [1]. Since 
pure graphene is an expensive and hard-to-handle 
material, it seemed reasonable to use, instead of 
grapheme, some graphene-like structures that can 
exhibit (at least partially) the unique properties of 
graphene [2].  
Since TFE is a highly reactive compound, its graft 
polymerization from the gas phase is difficult to per-
form because of its rapid homopolymerization. But 
when radiation-induced accumulation of reactive 
centers is carried out at cryogenic temperatures, the 
graft polymerization of TFE can be reached practical-
ly without formation of homopolymer. -Irradiation of 
sorbent–monomer systems at 77 K gives rise to uni-
form distribution of reactive centers all over the sor-
bent surface and hence to uniform graft post-
polymerization, at a markedly lower yield of homopo-
lymer.  
In this report, we present on the synthesis of po-
lymer composites via low-temperature post-
irradiation polymerization of C2F4 in the presence of 
3D graphene material (synthesized by microwave 
exfoliation of graphite oxide films) and their characte-
rization. 
 
Experimental 
Low-temperature post-irradiation polymerization 
of C2F4 in the presence of MEGO was carried out by 
using two procedures described in [3].  
In procedure 1, MEGO powder was put into a 
glass cell (~2 cm
3
 in volume) and held at 100С for 2 
h to remove adsorbed gases. Then the sample was 
γ-irradiated at 77K (Gammatok-100 source, dose 48 
kGr, dose rate 0.17 Gr/s). Then TFE was frozen onto 
the irradiated sample to a MEGO/TFE mass ratio of 
about 1: 20, the cell was sealed and then allowed to 
slowly (0.6 deg/min) warm-up to room temperature 
(r.t.), during which the polymerization of TFE took 
place [3]. The product yield was determined gravime-
trically at 23C after pumping out volatile products. 
In procedure 2, TFE was frozen onto the MEGO 
powder (degassed at 100С), the cell was sealed 
and the MEGO–TFE mixture (1 : 20 by wt.) was in-
termixed at r.t. and then γ-irradiated at 77K. Since 
some analyses required larger amounts of product 
than those formed in a 2-ml cell, we had to perform 
above 20 synthetic procedures to accumulate a re-
quired product batch for each kind of samples. 
 
Results 
Table 1 presents our results on the specific sur-
face (s) and composition of GO and MEGO samples. 
Microwave exfoliationis seen to diminish the amount 
of O and H but to markedly increase the specific sur-
face of resultant material. 
Table 1. Specific surface area and concentration of some 
elements in the samples 
Sample Concentration, wt.% s, 
m
2
/g С О H 
GO 50.10 44.81 2.69 20 
MEGO 89.95 4.19 0.73 600 
 
Elemental content of our composites as derived 
from integral intensity of XPS spectral bands are 
presented in Table 2. 
Interesting information can be inferred from the 
XPS O1s spectra (Fig. 1). The spectrum of starting 
MEGO (Fig. 1, curve 1) exhibits two bands peaked at 
533.4 and 531.3 eV. According to [4-7], the main 
oxygen-containing groups in the oxides of graphite 
and graphene are hydroxy (С–О–Н) and epoxy (С–
О–С) groups. In the O1s spectra, they manifest 
themselves as a band peaked around 533 eV [6-7], 
while the band at 531 eV is associated with a carbon 
atom of the C=O bond.  
In the spectrum of composite 1 (Fig. 1, curve 2), 
the band intensity at 533.4 eV becomes relatively 
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Table 2. Surface elemental compositions as derived from 
XPS spectra.  
Sample 
Content, at. % 
C O F S 
MEGO 86.3 12.9 0 0.7 
Composite 1* 87.6 11.7 0.4 0.3 
Composite 2** 61.2 8.9 29.6 0.3 
PTFE  32.2 0.0 67.8 0.0 
* Composite 1 was obtained by procedure 1 at a MEGO 
weight increment of 12.5%. 
** Composite 2 was obtained by procedure 2 at a ME-
GO weight increment of 185% 
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Fig. 1. High-resolution XPS spectra of O1s atoms in MEGO 
(1), composite 1 (2), and composite 2 (3) (for nomenclature 
see Table 2). 
 
stronger. But in the spectrum of composite 2 (Fig. 1, 
curve 3) there appears a new band with a maximum 
at 530.6 eV and all three peaks acquire the same 
amplitude. This peak can hardly be assigned to radi-
ation-induced oxygen-containing groups in MEGO 
simply because this band is absent in the spectrum 
of composite 1 (Fig. 10, curve 2). So it seems rea-
sonable to associate this peak with the presence of 
PTFE. Since the oxygen concentration on the PTFE 
surface is close to zero, it can be assumed that the 
perfluoroalkyl fragments become linked with oxygen 
atoms of MEGO during polymerization, via formation 
of C(MEGO)–O–СF2RF bridging groups between the 
polymer chain and the graphene sheet. In such a 
case, we would be able to explain the larger HWHM 
of the F1s peak in the spectrum of composite 2 (see 
Fig. 9). 
The above results suggest that the low-
temperature polymerization of TFE proceeds with 
participation of short-lived oxygen atoms formed 
upon radiation-assisted destruction of hydroxy 
groups in MEGO. Thus prepared PTFE differs from 
normal high-molecular PTFE by retained links with 
the nanocarbon matrix (at low PTFE concentrations). 
This link suppresses crystallization of the polymer. 
Indeed, commercial PTFE is comprised of lamellar 
crystalline structures. In our case (see below), the 
crystallinity of PTFE in composites is lower than that 
in normal PTFE. 
For ideal PTFE crystals the melting point (Тm) is 
327C [7] but may vary depending on material state, 
prehistory, irradiation dose, etc. [8-10]. In this con-
text, DSC testing of new PTFE-containing composite 
materials around Tm becomes exceedingly important. 
This technique can also be used to determine the 
mean molecular weight of PTFE [9]. 
Figure 2 presents the DSC curves for the PTFE 
obtained by low-temperature polymerization and 
MEGO–PTFE composite 2 from Table 2. For PTFE 
and MEGO–PTFE composite melting points Тm are 
seen to be 323.7 and 332.5С, respectively. Note 
that for melting, the FWHM of this phase transition in 
the composite is twofold narrower that in the poly-
mer. This can be associated with a narrower molecu-
lar weight distribution for the composite. The enthal-
py of melting (Hm) makes a value of 51.5 and 29.4 
J/g for the polymer and composite, respectively. After 
correction for 65% TFE in composite 2 (Table 2), for 
composite we obtained Hm = 45.4 J/g. 
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Fig. 2. DSC curves for (1) PTFE and (2) MEGO–PTFE 
composite 2 (see Table 2).  
 
When 5·10
5
<Mn< 5·10
7
, then according to [11] 
the following expression must hold true: Mn = 
2.1·10
10
Hm
–5.16
, where Hm is expressed in cal/g. 
From this formula, we obtained Mn as 5.0·10
4
 and 
9.8·10
4
 for the polymer and composite, respectively. 
Although beyond the applicability limits for the above 
expression [11], it seems safe to conclude the low-
temperature polymerization yields polymers with a 
number of –CF2– chain links much below 10 000. In 
the presence of graphene material, the mean length 
of polymer chain becomes larger. 
The extent of crystallinity (хc) for our materials 
can be estimated by using the formula: хc = 
Hm/Hm
, where Hm
 is the enthalpy of melting for 
crystalline PTFE. According to [12-13], for PTFE 
Hm
 = 82 J/g. Using the above values of Hm (51.5 
and 45.4 J/g), for хc we obtain 0.63 and 0.55 for the 
polymer and composite, respectively. A low-
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temperature phase transitions around 7.8 and 13.1C 
(with Нm 3.7 and 1.2 J/g, Fig. 2) can be regarded 
[12] as part of the overall melting process. 
The samples used in 
19
F NMR measurements are 
characterized in Table 3. The spectrum of composite 
I (Fig. 3) represents a single-line signal from CF2 with 
a chemical shift of –123 ppm (with respect to CClF3) 
along with two satellites. No signals from terminal –
CF2–CF3 or –CF=CF2 groups [14] were observed. 
Hence it can be assumed that the terminal groups of 
PTFE are linked with MEGO. As reported previously 
[3], the role of polymerization centers was played by 
oxygen atoms. The present results give grounds to 
assume that the chain termination process occurs via 
involvement of the reactive sites of the graphene 
material under study. 
 
Table 3. Composites used in 
19
F NMR measurements.  
 
Com-
posite 
MEGO/TFE 
Wt. ratio 
MEGO wt 
increment, % 
Consumed 
TFE, % 
I 1 : 20 185 8.3 
II 1 : 30 140 4.4 
 
 
Fig. 3. High-resolution 
19
F NMR spectra of composites I (1) 
and II (2) (for details see Table 3). 
 
The spectrum of composite II is rather similar 
(see Fig. 3) and become identical with that of com-
posite I when normalized to equal peak heights. This 
is indicative of similar surrounding but different 
amounts of F atoms in both materials.  
Therefore, the NMR data suggest our composite 
is comprised of the fluorocarbon chains whose ends 
are attached to the carbon matrix of MEGO. This is 
evidenced by the absence of terminal groups typical 
of conventional PTFE. 
 
Conclusion 
The melting of the TFE (140 K) mixtures with 
MEGO that were preliminary γ-irradiated at 77 K was 
found to result in a formation of the PTFE–MEGO 
composite containing 30–80%PTFE. We characte-
rized composites and PTFE prepared in the absence 
of MEGO using solid-state NMR (rotation at a magic 
angle), DSC, XPS, FTIR, SEM, TGA, XRD and 
broadband dielectric spectroscopy. We estimated the 
mean chain lengths for both pure polymer and com-
posite and found that in the presence of graphene 
material it becomes larger. The XPS spectrum of 
O1s in the composite contained additional peak cor-
responded to a bridging oxygen atom between the 
grapheme sheet and carbon atom of the polymer 
chain indicating chemical interaction. Using DSC 
analysis, we found that a necessary condition for 
graft polymerization was the adsorption of monomer 
to substrate and joint irradiation of TFE and MEGO 
below melting point of TFE. 
The composites may turn promising for use in fa-
brication of machine parts with elevated yield 
strength and improved wear resistance as compared 
to those made out of conventional PTFE. The study 
of mechanical properties will be pursued in the next 
work. 
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